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Pr ef ace:

The foll owi ng guidelines were devel oped by the National Geodetic Survey
(NGS) for perform ng G obal Positioning System (GPS) surveys that are

i ntended to achieve ellipsoid height network accuracies of 5 cmat the 95
percent confidence level, as well as ellipsoid height |ocal accuracies of 2
cmand 5 cm also at the 95 percent confidence |evel. See Appendix A for

i nformati on about local and rel ative accuracies. These guidelines were
devel oped in a partnership with Federal, state, and |ocal governnent

agenci es, academ a, and private surveyors and are the result of processing
various test data sets and having extensive di scussions with various GPS
users groups.

We are confident that these guidelines, if followed, will result in
achieving the intended accuracy. Additional tests may show that sone of
these gui delines can be rel axed. These guidelines are intended for
establishing geonetric vertical control networks.

These guidelines will be expanded in the future to include the
establishnment of GPS-derived orthonetric heights that approach these sane
accuracies, 2 cmand 5 cm The slight differences between the accuraci es of
GPS-derived ellipsoid heights and GPS-derived orthonetric heights will be
generally due to the accuracy of the geoid nodel and published orthonetric
hei ghts used to evaluate the differences between the three hei ght systens,
i.e., ellipsoid, geoid, and orthonetric heights.

Not e: these guidelines assune that for the survey project area in question,
NGS has conpl eted the establishment of a high accuracy reference network at
100- kil ometer spacing or that a state-w de Hi gh Accuracy Reference Network
(HARN) has been established, i.e., there are A- or B-order stations

di stributed throughout the state at an approxi mate spaci ng of 50 km or el se
there are Federal HARN stations or GPS Continuously Operating Reference
Station (CORS) sites located within 75 km of the project area.

An effort should be made to connect to stations which were previously
deternmi ned using these guidelines (or equivalent).



| nt roducti on:

Accurate connections to the control stations cited in the Observations
section on the next page nmust be made in the International Terrestria

Ref erence Frane (I TRF) coordinate system (See Appendix C for nore
information on ITRF.) This is acconplished by sinultaneous observations
bet ween sel ected A-order (5 mm + 1:10, 000, 000 accuracy standards) stations
of the International GPS Service for Geodynamics (IGS) and/or NGS CORS or
NGS- approved CORS within about 75 km of the project. NGS-approved CORS are
those which NGS has positioned or approved with respect to the | TRF/ NAD 83
coordi nate systens. If there are none available, B-order (8 nm +

1: 1,000, 000 accuracy standards) stations within about 75 km of the project
may be substituted. However, it nust be noted that the use of sone of the
B-order stations nay nean that the network accuracy of +/- 5 cmw Il not be
achi eved.

These I GS stations and CORS sites are |ocated throughout the United States.
The I GS stations or CORS sites |ocated closest to the project nust be used.
The foll owing conmands are used to access the NGS CORS system

Ftp cors.ngs. noaa. gov
| ogi n: anonynous
Password: your conplete e-nmail address

The sane files are accessible with Web browers (i.e., Msaic, Netscape,
Internet Explorer). The NGS honme page is at http://ww. ngs. noaa. gov

"Informati on about A- and B-order stations is given on five sets of CD ROVs
covering the United States." The particular CD-ROMthat covers the project
area in question can be obtained by contacting NGS |nformation Services
Branch, 1315 East-Wst Highway, Silver Spring, Mryland 20910, (301)
713-3242 (voice), (301) 713-4172 (Fax). Alimted anount of this
information, i.e., the 100 cl osest stations of any type, can be retrieved
fromthe NGS world wi de web site. The electronic bulletin board system
and/or web site usually contain new stations that have been added after the
CD- ROM was produced.

Anal ysis of the quality of project data shall be based on repeatability of
measur enents, adjustnment residuals, and analysis of |oop misclosures.

Pl ease be aware that repeatability and | oop nisclosures do not disclose al
probl ens.



Observati ons:

The followi ng requirenents are for both 2-centinmeter and 5-centineter
st andards, unl ess otherw se stated.

1. Dual -frequency, full-wavel ength GPS receivers are required for base
lines greater than 10 km and are the preferred type of GPS receiver for al
observations, regardl ess of base-line distance. Geodetic-quality antennas
with ground planes are required. Whenever possible, antennas used during a
proj ect should be identical; otherw se corrections nust be nade for antenna
phase patterns. Different makes and nodel s of antennas have different
antenna phase patterns. If antenna phase patterns are not accounted for

m xing different antennas in a project can cause vertical discrepancies of
as much as 10 cm Sone manufacturers are including software packages which
correct for the use of different antennas. (It should be noted that choke
ring antennas help reduce the effect of nultipath and are highly
reconmended. )

The manufacturer, nodel, and conplete serial nunmbers of all receivers and
antennas nust be included on each station Session Cbservation Log.

2. The survey shall be referenced to at |east three existing Nationa
Spatial Reference System A- or B-order three-dinensional control stations

near the project area. The survey will also consist of at |least three
primary base stations that are referenced to the three control stations and
i nterspersed throughout the project. The survey will also include secondary

base stations and |l ocal network stations to neet the spacing requirenents
initemb5., below Primary and secondary base stations can be newy
established stations in this project.

A sanple project with observing schene is depicted in figure 1 |ocated at
the end of the section. A summary of the guidelines is provided in table 1
| ocated at the end of the vector processing section. See Appendix A for
nore information about control, base, and |ocal network stations.

3. For control stations and primary base stations, receivers shall coll ect
data continuously and sinultaneously for at |east three, 5-hour sessions on
3 different days during the project.

4. Observation periods for stations other than control stations and primry
base stations are as foll ows:

a. For the 2-Centineter Standard: Each base |line (adjacent station
pair) must be occupied for a mnimmof 30 mnutes per session

b. For the 5-Centineter Standard: Observations between primary and
secondary base stations nust be for a mninmmof 30 m nutes per session. Wile
there is no minimum observation tinme for |ocal network stations, each base
line (adjacent station pair) must be occupied | ong enough in each
session to ensure that all integers are fixed and the RMS for the base
line solution does not exceed 1.5 cm

5. The observing schene is based on the GPS survey of marks spaced as
i ndi cated bel ow for 2- and 5-centineter standards. Stations in the schene



are noted as either control, prinmary base station, secondary base station,
or local network stations. (The observing schenme chosen for a sanple
project is depicted in figure 1, page 7.)

For the 2-Centineter Standard: Spaci ng between |ocal network stations
cannot exceed 10 knm the average spacing nust be |ess than or equal to 7
km Spaci ng between prinmary base stations cannot exceed 40 km and spaci ng
between primary and secondary base stations cannot exceed 15 km

For the 5-Centineter Standard: Spacing between |ocal network stations
cannot exceed 20 knm the average spacing nust be |ess than or equal to 10
km Spaci ng between prinmary base stations cannot exceed 50 km and spaci ng
between primary and secondary base stations cannot exceed 20 km (Note that
secondary base stations may not be required in projects of snall area
extent. See Item 2. above.)

6. The observing scheme for all primary base stations requires that each
primary base station nust be connected to at least its nearest prinmary base
station nei ghbor and nearest control station according to the observing
procedures stated in item 3., above. Prinmary base stations nust be
traceabl e back to two control stations along independent paths.

In addition to this requirenent for primary base stations, the observing
schene for all base stations (primary and secondary) requires that each
base station be connected with at least its two nearest prinmary or
secondary base station nei ghbors according to observing procedures stated
initem4., above. For secondary base stations, one of these connections
nmust be to its nearest primary base station nei ghbor. Secondary base
stations nmust be traceable back to two primary base stations al ong

i ndependent pat hs.

Local network stations nust be traceable back to two base stations al ong
i ndependent pat hs.

The observing schene for all stations requires that all adjacent stations
(base lines) be observed at |east twice on 2 different days and at two
different times of the day according to observing procedures shown in item
4. on the previous page. The purpose is to ensure different atnospheric
conditions (different days) and significantly different satellite geonetry
(different tinmes) for the two base |ine nmeasurenents.

Observations on the second day should be conpl eted between 27 and 33 hours
after the conpletion of the first day's observations if the first day's
observations were begun prior to 12:00 noon. O, the observations should be
conpl eted between 15 and 21 hours after the conpletion of the first day's
observations if the first day's observati ons were begun after 12:00 noon.
This is necessary since the satellite constellation geonetry repeats itself
every 12 hours.

Exanpl es: First-day observations Second-day observati ons
Begun duri ng: Conpl eted anyti me between
8:00 am to 8:30 a.m 11:30 a.m and 5:30 p.m
10:30 a.m to 11:00 a.m 2:00 p.m and 8:00 p. m
1:00 p.m to 1:30 p.m 4:30 a.m and 10:00 a. m

3:30 ppm to 4:00 p.m 7:00 a.m and 12:30 p.m



(Note that the second day of observations does not need to follow

i medi ately after the first day. Satellite geonetry noves ahead, or
precesses, 4 minutes per day. If the second observations are not perforned
within 1 week of the first, this daily 4-minute change nust be accounted
for when neeting the different satellite geonetry requirenent.)

7. Selection of primary and secondary base stations in order of
nost-to-least- preferred are: 1. Hi gh Precision Geodetic Network
(HPGN) / HARN (either Federal Base Network (FBN) or Cooperative Base Network
(CBN) stations which have level ties to bench marks of A- or B-stability
quality during this project; 2. bench marks of A- or B-stability quality or
HPGN HARN st ati ons which were previously tied to bench marks of A- or
B-stability quality; 3. User Densification Network (UDN)stations which have
| evel ties made during this project; or 4. bench marks of C stability
quality. In areas of known or suspected subsidence or uplift, specia

gui delines may need to be followed.

8. Data should be collected during periods when the Vertical Dilution of
Precision (VDOP) is less than 6 for at |east 90 percent of each 30-m nute,
or longer, observing period. For shorter observing periods, as in sone
projects where the 5-centinmeter standard is the goal, a VDOP greater than 6
shoul d be avoided entirely. Travel between stations could be schedul ed
during | arge VDOP peri ods.

9. For sessions greater than 30 nminutes, collect data at 15-second epoch
intervals, starting at an even minute. For sessions |less than 30 ninutes,
coll ect data at 5-second intervals.

10. Track satellites down to at |east a 10-degree el evation angle. (Note
that tracking bel ow 15 degrees may be hel pful during processing when
collecting data for less than 30 m nutes.)

11. If possible, coordinate observations with | ocal, existing CORS which
are collecting phase data with dual -frequency receivers.

12. Meteorol ogical data nmust be collected at the control stations and

pri mary and secondary base stations. Wather data consist of wet- and
dry-bul b tenperatures (or dry-bulb tenperature and relative hum dity) and
at nospheric pressure. For sessions greater than 2 hours, record weather
data at the beginning, middle, and end of each session. For sessions that
are less than 2 hours in length, but nore than 30 m nutes, record weat her
data at the beginning and end of each session. For sessions that are |ess
than 30 mnutes in length, collect data at the m d-point of the session
Met eor ol ogi cal data shall also be collected i mediately after an obvi ous
weat her front passes during a session and also inmediately before it
passes, if possible. Atnospheric pressure neasurenents nust be nade at
approximately the sane height as the GPS antenna phase center. Record on
the observing log the tinme and where the weather data were gathered, and
any abnornmal weather conditions.

(Note that even though all of these data may not used in the vector
processing, they nay be hel pful during the analysis of the results and in
future reprocessing with nmore robust software.)



Bef ore taki ng weat her observations, the neteorological instrunents should
be allowed anple tine (approximtely 10 nminutes) to stabilize to anbi ent
conditions. Cbservations of wet- and dry-bulb tenperatures nust be observed
and recorded to at | east the nearest 1 degree Celsius. Baronetric readings
nmust be observed and recorded to at |east the nearest 1 millibar

Met eor ol ogi cal data should be collected at or near the antenna phase
center. Al equipment nust be checked for proper calibration.

13. Antenna set-up is critical to the success of the project. Plunbing
bubbl es on the antenna pole of the fixed-height tripod nust be shaded when
pl umbing is performed. Plunbing bubbles nust be shaded for at |least 3

m nut es before checking and/or re-plunbing. The perpendicularity of the
pol es must be checked at the beginning of the project and any other tine
there is suspicion of a problem

For the 2-Centineter Standard: Fixed-height tripods are required for al
receivers.

For the 5-Centineter Standard: Fixed-height tripods are preferred for al
receivers. Wen a fixed-height tripod is not used, the height of the
antenna nust be carefully neasured to prevent station set-up blunders.
Tribrachs used for these set-ups nust be checked and adjusted when
necessary. Totally independent measurenents of the antenna hei ght above
mark in both netric units and English units nust be nmade before and after
each session. Sonmeone other than the observer nust check the neasurenent
conmput ations by carefully conparing neasurenents and then entering his/her
initials on the |og.

14. A rubbing of the mark nust be nade at each occupation of a station
When not feasible to nake the required rubbing, a plan sketch of the nmark
nmust be substituted, accurately recording all markings.



Contr ol

Station 1 Control Statio
Primry Base 1 Primary Base 3
LNS 1 LNS 12
LNS 2 LNS 11
LNS 3 LNS 10
Secondary Base 1 Secondary Base 2
LNS 4 LNS 9
LNS 5 LNS 8
LNS 6 LNS 7

Primary Base 2

Control Station 3

n 2

me)

8:30 am

6 Receivers One Week
3 Control Stations (CS) of
3 Primary Base Stations (PBS) Fokkok ok ok ok ok ok ok bservations
2 Secondary Base Stations (SBS)
12 Local Network Stations (LNS) (1 hour travel ti
Cs1, CSs2, Cs3, PBS1, PBS2, PBS3 Days 1,2, and 3
5-hour sessions (8 a.m- 1 p.m)
PBS1, LNS1, LNS2, LNS3, SBS1, LNs4 Day 4
30-m nute session (8 am -
SBS1, LNS4, LNS5, LNS6, PBS2, LNS7 Day 4

30-m nute session (9:30 am- 10 am

PBS2, LNS7, LNS8, LNS9, PBS3, LNS10 Day 4

30-m nute session (11 am -

PBS3, LNS10, LNS11, LNS12, SBS2, PBS1 Day 4
30-m nute session (12:30 pm- 1 pn

PBS1, LNS1, LNS2, LNS3, SBS1, LNS4 Day 5

30-m nute session (12 pm -

SBS1, LNS4, LNS5, LNS6, PBS2, LNS7 Day 5
30-m nute session (1:30 pm- 2 pn)

PBS2, LNS7, LNS8, LNS9, PBS3, LNS10 Day 5

30-m nute session (3 pm -

PBS3, LNS10, LNS11, LNS12, SBS2, PBS1 Day 5
30-m nute session (4:30 pm- 5 pn)

Figure 1.--Sanple project observing schene.

11: 30am

12: 30 am

3:30 pm



Vect or Processing:

The followi ng requirenents are for both 2-centinmeter and 5-centineter
standards unl ess otherwi se stated. A sunmary of the guidelines is listed in
table 1 at the end of this section.

1. Final vector processing and quality review of collected data shall be
acconpl i shed usi ng NGS' program OMNI or other interactive,

gr aphi cs- produci ng software which produces results equivalent to OWI. The
vector between adj acent GPS-occupied stations shall be processed using the
nmul ti-station processing techni que which includes doubl e-difference phase
corelations (or equivalent) with a selection of a reference station that

m nim zes vector |engths.

2. Use precise ephenmerides. NGS precise ephenerides are available fromthe
U.S. Coast Guard Bulletin Board Systemor the NGS world wi de web site. The
Coast CGuard Bulletin Board System nunber is (703)313-5910 and the NGS web
site address is http://ww.ngs. noaa.gov The USCG web site address is
http://ww. navcen. uscg. m |/ navcen. htm

3. For sessions greater than 30 nminutes, process data using 30-second epoch
intervals. (Note that using a smaller epoch interval may inprove ease of
data processing.) For sessions |less than 30 minutes, process data using
5-second epoch intervals.

4. For sessions greater than 30 minutes, use only satellite data tracked
above the 15-degree el evation angle. For sessions |less than 30 mnutes, use
satellite data tracked above the 15-degree el evation angle; data collected
bel ow the 15 degree el evation angle should only be used if required to
derive a successful solution

5. Final processing shall consist of fixing all integers for each vector
for all sessions except to sone control sites. For short base |ines, under
10 km the L1 fixed solution may be the best choice. For vectors greater
than 40 kmto control sites, a session may consist of a set of partially or
conpletely fixed vectors and in the worst possible scenario may al so

i nclude float solutions where no integers could be fixed.

A nodel to account for tropospheric effects nust be used. The project
report nust state which nodel was used. Measured neterol ogi cal data should
be used only when it has been determined that the instruments have been
properly calibrated and the neasurenments accurately represent the current
at nospheric conditions at the station. |f standard neteorol ogical data are
used instead of actual neasured values, the processing software mnust
account for changes in standard default values due to the station's

| ocati on and hei ght above the vertical datum For base |lines greater than
15 kiloneters or with "large" height differences, a relative tropospheric
scal e paraneter should be solved for, along with the base |ine vector
conmponents.

6. The quality of collected data shall be determ ned fromthe
doubl e-di fference residual plots and RMS val ues. Final coordinates and
their quality assessnent shall be deternined by using | east-squares

adj ust mrent software and by analysis of repeated vectors and free-adjustnment
residuals and | oop nisclosures (nost |oops consisting of repeated vectors).



7. RMS val ues for each conputed base |line (adjacent station pairs) must not
exceed 1.5 cm

8. Reobservation criteria:

For the 2-Centineter Standard: For |ocal network requirenments, nust
reobserve any base |ine (adjacent station pair) where the difference in

el li psoid hei ght between the repeat observations exceeds 2.0 cm For
station pairs involving control stations, nust reobserve any contro
station base line where the ellipsoid height difference between the repeat
observati ons exceeds 5.0 cm

For the 5-Centineter Standard: Mist reobserve any base |ine (adjacent
station pair) or control station pair where the ellipsoid height difference
bet ween the repeat observations exceeds 5.0 cm

When reobserving base lines that exceed tol erance val ues, the new
observation nmust agree with an old base |ine which was observed using the
criteria in number 6. of the Observations section above, i.e., the two base
line measurenments nust contain significantly different satellite geonetry.



Table 1. --

Dual
Frequency
Requi r ed

CGeodeti c
Quality
Antenna with
Ground Pl ane

M n. Nunber
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Di st ance
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Repeat

"Base Line"
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Mar k
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Ephemeri des
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Contro

2 and 5
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Yes, if
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than 10
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5 Hours
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No
Maxi num

YES 3

Yes

Yes

Yes

Yes

Yes 4

Sunmary of Guidelines
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Base
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Yes, if
base
line is
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than 10
km

Yes

5 Hours

40 km

No
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YES 3

Yes

Yes

Yes

Yes

Yes 5

Primary
Base
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Yes, if
base
line is
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than 10
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Yes

5 Hours

50 km

No

Maxi mum

YES 3

Yes

No

Yes

Yes

Yes 5

Secondary
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base |ine
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than 10
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Yes

No
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30
M nutes 1

15 km

No
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YES 3
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Yes

Yes

Yes

Yes

Secondary
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No

Yes

Yes

Yes
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No
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1
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YES 3

No
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Yes

Yes

Yes
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base
line is
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than 10
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Yes

No

M ni num

No
M ni mum

20 km

10 km

YES 3

No

No

Yes

Yes

Yes



Not es for Table of Summary of Guidelines:

1 Anal yses have indicated that when following all guidelines in this
docunent, 30 minutes of observations over base |lines that are typically

| ess than 10 kiloneters will meet the standards. For base lines greater
than 10 km but |less than 15 km 1 hour sessions should neet the standards.
For observing sessions greater than 30 minutes, collect data at 15-second
epoch interval. For sessions less than 30 minutes, collect data at 5-second
epoch interval. Track satellites down to at |east 10-degree el evation
cut - of f.

2 Base |lines nmust be reobserved on different days with significantly
different satellite geonetry.

3 The observing schene requires that all adjacent stations have base lines
observed at |least twice on two different days with significantly different
geonetry.

4 |f base line is greater than 40 kil onmeters, a partially fixed or fl oat
solution is permtted.

Dat a Submi ssion to NGS:

1. The project accession nunber is of the form GPS-xxx. (The project
accession nunmber will be assigned by NGS when draft project plans are
submitted to NGS for evaluation prior to the start of the project.)

2. A project report and the data elenents listed in Appendix L of "Input
Formats and Specifications of the NGS Data Base" nust be transmitted to
NGS. Quality checks for conformance to NGS fornmat standards shall be
performed using software progranms COVPGB and OBSDES.

3. Latitude, longitude, and ellipsoid heights, as well as X, Y, and Z
coordi nates shall be provided in both NAD 83 and | TRF coordi nate systens.
See Appendix C for nmore information on transformation paranmeters and

rel ated information.

Gui del i ne Updat es:

These Guidelines will be updated as the results of future projects and

ot her procedures are reviewed. There are other procedures that will also
achi eve the standards. The user should note which procedures in this
docunment were not foll owed and note how errors and systematic biases were
detected, reduced, or elimnated by the new procedure. NGS wel cones the
opportunity to exam ne alternate procedures and supporting data that
denonstrate the ability to achieve the accuracy standards stated in this
docunent. |f you have such data or would |like to coment, please contact
Dave Zil koski or Steve Frakes, tel ephone 301-713-3191, or wite:

Nat i onal Geodetic Survey, N NGS2
NOAA, 1315 East-West Hi ghway
Silver Spring, Maryland 20910- 3282
emai | : davez@gs. noaa. gov or

st eve@gs. noaa. gov



Appendi x A. -- Definitions
Accur acy

Local Accuracy - The local accuracy of a control point is a value expressed
in cmthat represents the uncertainty in the coordinates of the contro
point relative to the coordinates of the other directly connected, adjacent
control points at the 95 percent confidence |level. The reported | oca
accuracy i s an approxi mate average of the individual |ocal accuracy val ues
between this control point and other observed control points used to
establish the coordi nates of the control point.

Net wor k Accuracy - The network accuracy of a control point is a value
expressed in cmthat represents the uncertainty in the coordinates of the
control point with respect to the geodetic datum at the 95 percent
confidence level. For National Spatial Reference System (NSRS) network
accuracy classification, the datumis considered to be best supported by
NGS. By this definition, the | ocal and network accuracy val ues at CORS
sites are considered to be infinitesinmal, i.e., to approach zero.

St ati ons
Base Stations

Primary - Stations evenly distributed that surround the | ocal network.
These stations relate the local network to NSRS to the 5-cm or better
standard through sinmultaneous observations with control stations. They
can be newly established stations and be part of the |ocal network.

Secondary - Stations evenly distributed throughout the | ocal network that
ensure that the |local network does not contain a significant medi um

wavel ength (20-30 knm) ellipsoid height error through simultaneous observations
with primary base stations. These stations nmay be newly established stations
and are part of the local network. They are | ocated between Primary Base

St ati ons.

Control Stations

A- or B-order three-dinensional stations that surround the project area in
at least three different quadrants. These stations relate the |ocal network
to the National Spatial Reference Systemthrough simultaneous observations
with primary base stations. They nust be referenced to NSRS and they
provi de the network accuracy. They nmay be newly established stations in the
survey project if A- or B-order specifications and procedures are used to
establish them These procedures are not covered in this document, please
contact NGS for additional information.

Local Network Stations

These stations include all other stations that are not base (primary or
secondary) or control stations. They are part of the |ocal network. They
provi de the | ocal accuracy standard through sinultaneous observations between
adj acent stations.



Appendi x B. -- GPS Ellipsoid Height Hi erarchy and Basic Requirenents for

2-cm standard
HARN Control Stations
(75 km
Pri mary Base
(40 km
Secondary Base
(15 km
Local Network Stations
(7 to 10 km

HARN/ Control Stations

Primary Base Stations

O Cs1

O Cs2 CS3 O

Basi ¢ Requi renents

(0]

5 Hour Sessions / 3 Days
Spaci ng between primary base stations cannot exceed 40 km

Each primary base station nmust be connected to at |east its nearest
primary base station nei ghbor and nearest control station

Primary base stations nust be traceable back to 2 control stations
al ong i ndependent paths; i.e, base lines PB1L - CS1 and PBl - PB2 plus
PB2 -CS2, or PB1 - CS1 and PBl1 - PB3 plus PB3 - CS3.



Secondary Base Stations

0
PB1
SB1 SB2
SB3 <-------n-- 15 Km -=---=---- > SB4
PB2 PB3
o) o)

Basi ¢ Requi renents
0 30 Mnute Sessions / 2 Days / Different tinmes of the day

0 Spaci ng between secondary base stations (or between primary and
secondary base stations)cannot exceed 15 km

o All base stations (primary and secondary) nust be connected to at
least its two nearest primary or secondary base station neighbors.

0 Secondary base stations nust be traceable back to 2 primary base
stations al ong i ndependent paths; i.e., SBl- PBl and SB1- SB3 plus SB3
- PB2, or SBl - PBl1 and SBl1 - SB4 plus SB4 - PB3.

0 Secondary base stations need not be established in surveys of snall
areal extent.



Local Network Stations

O
PB1
LN1
SB1 LN2 LN3 SB2
LN4 LN5
LN6<--7 km -> LN7
SB3 SB4
PB2 PB3

Basi ¢ Requi renents
30 Mnute Sessions / 2 Days / Different tinmes of the day

Spaci ng between | ocal network stations stations (or between base
stations and | ocal network stations) cannot exceed 10 km

Al'l local network stations nust be connected to at least its two
near est nei ghbors.

Local network stations nust be traceable back to 2 primary base
stations al ong i ndependent paths; i.e., LN1 - PB1 and LNl - LN2, plus
LN2 - SB1, plus SB1 - SB3 plus SB3 - PB2, or LNl - PBl and LNl -LN3,
plus LN3 - SB2 plus SB2 - SB4 plus SB4 - PB3.



APPENDI X C.--1TRF TO NAD 83 TRANSFORMATI ON PARAMETERS
I nt roduction

The International Earth Rotation Service Terrestrial Reference Frane
(I TRF) has beconme an inportant coordi nate system for users of d oba
Posi tioni ng System (GPS) technol ogy. Both GPS and | TRF are gl obal
geocentric coordinate systens. The | TRF coordi nate system supports GPS
orbit conputations and provides a basis for nore precise GPS data
reducti on conmputations. Also, for many applications it is necessary to
use a coordinate system such as | TRF to account for the notions of the
Earth's crust. Published I TRF sol utions provide not only coordinate
val ues at a particular epoch in time, but station velocities as well
Thus, up-to-date | TRF station coordinate val ues can be conputed for
future epochs in tinme after the original solution.

The North American Datum of 1983 (NAD 83), on the other hand, has the
advant age of being fixed and stable relative to the North Anmerican
tectonic plate. Additionally, NAD 83 has been officially adopted by

t he Federal governnent as the coordinate system for mapping and
charting in the Unites States. Therefore, the relationship of ITRF to
regi onal or continental datuns |ike NAD 83 is of utnpst inportance to
GPS users.

The foll owi ng background informati on on NAD 83 shoul d hel p
under standi ng the differences, systematic and otherw se, between | TRF
and NAD 83.

NAD 83 Datum Definition

The NAD 83 adj ustnent conbined terrestrial data (di stances, azimuths,
and direction observations) with space-based data, such as 3-D
positions derived fromsatellite Doppler observations and 3-D
inter-station vectors obtained fromVery Long Baseline Interferonetry
(VLBI).

Along with these data, and equally inportant, was a set of inplied
constraints that defined the scale and orientati on of NAD 83. Also

i ncluded in the NAD 83 adjustment was a set of gl obal paraneters that
allowed the inplied constraints to have conplete influence. An exanple
woul d be that of a distance observation which has inplied scale, but

if a global scale paranmeter is included in its observation equation

it allows the scale to be determ ned el sewhere. Table 1 shows the

gl obal paraneters for the NAD 83 adjustment:



Table 1.--d obal paranmeters - NAD 83
adj ust ment .

Par anmet er Terrestrial Doppl erVLB
X Shi ft F

Y Shift F

Z Shift F

X Rot ation F A
Y Rot ation F A
Z Rotation F A A
Scal e A F A
F=fi xed

par anet er

A=est i mat ed

par anet er

The above table shows that the 3-D positions derived from Doppl er
observations defined the geocentricity, scale, and the ngjor part of
the orientation of the NAD 83 datum

The VLBI vectors are very inportant for several reasons. To begin
with, the VLBl vectors are extrenely preci se. These vectors span the
continent and are found to be internally consistent at the 2-3 cm

| evel . Second, the VLBI stations and data are an integral part of the
| TRF solutions and thus provide a |link between NAD 83 and | TRF. Third,
al t hough the VLBI vectors were not used to hel p define the NAD 83
scal e and orientation, the adjusted values for global paraneters
associated with the VLBl vectors tell how they were changed. This
provi des a quantitative nmeasure of the systematic difference between
NAD 83 and coordi nate systens based on VLBI



Tabl e 2.--Adjusted values for VLB
gl obal paraneters.

Par anet er Val ue

X Rot ation 0. 022 arc seconds
Y Rot ation 0. 026 are seconds
Z Rot ation* 0.010 arc seconds*
Scal e Change -0.075 ppm

*The actual adjusted value of the Z rotation was 0.375 arc seconds,
however there was a post-adjustment correction of 0.365 arc seconds
applied, resulting in the 0.010 arc seconds shown above. In effect the
coordi nate systemwas rotated to be nore consistent with the VLB
observations.

NAD 83 Upgrade Surveys

In 1988, the National Geodetic Survey (NGS) began to upgrade the NAD
83 coordinates by perform ng high accuracy reference network (HARN)
GPS surveys. This is being done on a state-by-state basis. The
strategy for deternmining the control for these upgrades follows. First
consider the following (X, Y, Z) transformation, designated equation
1

Xn = Tx + (1 + S)Xi + RzYi - RyZi
Yn =Ty - ReXi + (1 + S)Yi + RxZ
Zn = Tz + RYXi - RxYi + (1 + 9)zZi

This equation defines a seven-paranmeter transformation fromITRF to
NAD 83, where (Xi, Yi, Zi) denote geocentric cartesian coordinates in
| TRF and (Xn, Yn, Zn) denote geocentric cartesian coordinates in NAD
83.

In order to establish control stations for the new HARN GPS surveys,
NGS conmpl eted the foll ow ng:

1. NGS used a set of 12 VLBI stations located in North America to
deternine a seven-paraneter transformation (equation 1) from
| TRF89 (epoch 1988.0) to NAD 83 (see table 3).

2. NGS decided to accept the scale of |ITRF89 as being closer to the
true val ue.

3. The derived transformation paraneters, translations, and
rotations, but NOT scale, were applied to the conplete set of
| TRF89 positions to get NAD 83 values with corrected scale. A
conparison with the original NAD 83 coordi nates showed a change
in ellipsoid height of 0.6 nmeters, which was caused by scale
di ff erences.



Tabl e 3.--Transformation
paranmeters, | TRF89 (Epoch 1988. 0)

to NAD 83.

Par anet er Val ue

Tx = X Shift 0.9191 neters

Ty = Y Shift -2.0182 neters

Tz = Z Shift -0. 4835 neters

Rx = X Rotation 0.0275 arc
seconds

Ry = Y Rotation 0.0155 arc
seconds

Rz = Z Rotation 0.0107 arc
seconds

S = Scal e Change -0.0871 ppm [ See

item 3) above.

Apparent in Table 3 is the sinmlarity of the values for the rotations
and scale with those in Table 2. This indicates that the coordinate
system of the original VLBl vectors is very simlar to | TRF

Conmput ations of GPS Data in | TRF

Several other solutions of | TRF have been conputed by the
International Earth Rotation Service since the publication of |TRF89.
As nore and nore data have been collected and included in the | TRF

sol utions, the resulting coordinates and vel ocities have increased in
accuracy. Confidence in ITRF has grown to the point that npst geodetic
organi zati ons throughout the world now use | TRF as a basis for GPS
orbit conputations.

An inportant concept for the GPS user community to understand is that
since GPS precise orbits are referred to | TRF, fixed orbit solutions
of GPS produce vectors that are oriented in the | TRF coordi nate
system However, nost of the user community is working in NAD 83. The
systematic differences between | TRF and NAD 83 must be accounted for
if high accuracy is to be naintained.

Since we are dealing with inter-station vector conponents, instead of
positional coordinates, we need not worry about X, Y, Z shifts. Also,
recall that the scale of NAD 83 was corrected when the high accuracy
GPS survey began. But the X, Y, Z rotations between | TRF and NAD 83
nmust be accounted for. NGS adjustnment software ADJUST does just that.
ADJUST accepts GPS vectors expressed in | TRF as well as other

coordi nate systens as input, then, internal to the program applies
the X, Y, Zrotations to convert to NAD 83.



Tabl e 4 descri bes transformati on paraneters between NAD 83 and sone
nore recent solutions of |ITRF

Table 4.--Transfornmation
paranmeters: | TRF sol utions

to NAD 83.
| TRF93
Par anmet er (Epoch | TRF94
1995. 0) (Epoch = E, in years)
Tx = X Shift 0.9769 0.9738 neters
Ty = Y Shift -1.9392 -1.9353 neters
Tz = Z Shift -0. 5461 -0.5486 neters
0. 02755 +
Rx = X Rotation 0. 0264 0. 00009( E-1996.0) arc
sec
0. 01005 -
Ry = Y Rotation 0. 0101 0. 00077( E-1996.0) arc
sec
0.01136 +
Rz = Z Rotation 0. 0103 0. 00002( E-1996.0) arc
sec

S = Scal e Change 0.0 0.0 ppm



NOAA TECHNI CAL PUBLI CATI ONS
Nati onal Ocean Service/ National Geodetic Survey Subseries

The National Geodetic Survey (NGS), National Ocean Service (NOS),
NOAA, establishes and maintains the basic national horizontal
vertical, and gravity networks of geodetic control, and provides
Government -wi de | eadership in the inprovenent of geodetic survey

nmet hods and i nstrunentation; coordi nates operations to assure network
devel opnent; and provi des specifications and criteria for survey
operations by Federal, state, and other agencies.

NGS engages in research and devel opnent for the inprovenent of

know edge of the figure of the Earth and its gravity field, and has
the responsibility to procure geodetic data fromall sources, process
these data, and nake them generally available to users through a
central data base

Geodetic publications of NOAA, as well as the forner Coast and
Geodetic Survey and NGS, are sold in paper formby the Nationa
Geodetic Information Center. To obtain a price list or to place an
order, contact:

Nati onal Geodetic Information Center (N NGS12)
I nformati on Services Branch

CGeodetic Services Division

Nati onal Ocean Service, NOAA

1315 East-West Highway (Station 9202)

Silver Spring, MD 20910-3282

Tel ephone (301) 713-3242

When placing an order, nake check or noney order, in U S. funds,
payabl e to: National Geodetic Survey. Do not send cash or stanps.
Publ i cati ons can al so be charged to VISA, MasterCard, or Anerican
Express. They can be purchased over the counter at the Nationa
Geodetic Information Center, e-muil: info_center@gs. noaa. gov

An excell ent reference source for all Governnent publications is

the National Depository Library Program a network of about 1,400
designated libraries. Requests for borrow ng Depository Library

mat eri al may be made t hrough your local library. A free listing of
libraries in the National Depository Library Programis available from
the Library Division, US. Governnent Printing Ofice, Washington

D. C. 20401 (Tel ephone: (202)-275-3635).



